Meiotic maturation in many species is initiated by the activation of maturation-promoting factor (MPF) with concomitant inactivation of counteracting phosphatases, most notably protein phosphatase 2A (PP2A). Recently, Greatwall (GWL) has been identified as a cell cycle regulator that inhibits PP2A activity. In this study, we demonstrate that GWL is required for meiotic maturation in porcine oocytes. GWL expression increases from germinal vesicle (GV) to metaphase II (MII) stages of porcine oocytes and dramatically decreases with progression of the meiotic cell cycle. GWL is initially localized in the nucleus of GV oocytes and is associated with spindle fibers following GV breakdown. Depletion of GWL inhibited or delayed meiotic maturation secondary to defects in chromosome congression and spindle formation. Conversely, overexpression of GWL overcame meiotic arrest and initiated progression to MII stage. However, these oocytes had severe spindle defects. Furthermore, MII oocytes depleted of GWL progressed to pronuclear formation. Taken together, our data demonstrate that GWL is required not only for meiotic maturation but also for maintenance of MII arrest in porcine oocytes.
INTRODUCTION
In most species, including mammals, oocytes are arrested at the diplotene stage of the first meiotic prophase, called the germinal vesicle (GV) stage [1] . Following luteinizing hormone surge, oocytes resume meiosis, which is characterized by breakdown of the nuclear membrane, a process known as GV breakdown (GVBD), followed by chromosome condensation and microtubule reorganization [2] . This process is driven by the activation of maturation-promoting factor (MPF), a complex of CDK1 and cyclin B [3, 4] . Oocytes then enter a second phase of meiosis (MII) without an intervening S phase and arrest again at the metaphase of MII. This arrest is maintained by the activity of cytostatic factor (CSF), which keeps MPF in a highly active state by preventing proteolytic degradation of cyclin B [1, 5] . Therefore, the meiotic cell cycle seems to be regulated mainly by changes in MPF activity.
Recently, however, an opposing phosphatase activity has emerged as another cell cycle regulator that counteracts MPF activity [6] [7] [8] [9] . Although it is still controversial, protein phosphatase 2A (PP2A) has been described as the major phosphatase responsible for counteracting MPF activity during meiosis as well as mitosis [10] [11] [12] . Thus, the current model for cell cycle regulation has it that meiotic maturation is determined by a balance between MPF and PP2A activities.
Recently, a serine/threonine kinase, Greatwall (GWL), has been identified as a mitotic regulator that inhibits PP2A activity [11] [12] [13] . Depletion of GWL from interphase prevents entry into M phase, whereas overexpression of GWL accelerates entry into M phase in several species, including Drosophila, Xenopus, and human [11] [12] [13] [14] [15] [16] [17] . Moreover, depletion of GWL from mitotic egg extracts leads to exit from M phase by activation of PP2A [12, 18] . Although GWL regulates PP2A activity, the two proteins do not directly interact. Instead, GWL phosphorylates two closely related small proteins, endosulfinea (ENSA) and c-AMP-regulated phosphoprotein-19 (ARPP19), promoting their binding to and inhibition of PP2A [19, 20] . Therefore, MPF activity is promoted by GWL-mediated inhibition of PP2A activity.
In addition to its role in cell cycle regulation, recent studies raise the possibility that GWL also regulates other cellular mechanisms. For example, GWL has been shown to regulate mRNA stability via a PP2A-independent pathway [21, 22] . Also, GWL activity is required for DNA checkpoint recovery [23, 24] . Therefore, GWL seems not to govern only the cell cycle but also regulates many other cellular processes. However, despite extensive studies of GWL, its role in mammalian oocytes has not yet been explored. As such, this study details our investigation of the role of GWL during meiotic maturation in porcine oocytes.
MATERIALS AND METHODS

Oocyte Collection and Culture
All chemicals used in this study were purchased from Sigma-Aldrich unless otherwise stated. Ovaries were collected from prepubertal gilts at a local slaughterhouse and transported to the laboratory at 258C in Dulbecco phosphate-buffered saline supplemented with 75 lg/l penicillin G and 50 lg/ l streptomycin sulfate. Cumulus-oocyte complexes (COCs) were aspirated from follicles approximately 2-8 mm in diameter and washed three times with Hepes-buffered Tyrode medium containing 0.1% (w/v) polyvinyl alcohol (Hepes-TL-PVA). The collected COCs were matured in tissue culture medium (TCM)-199 (Gibco) supplemented with 0.57 mM cysteine, 10 ng/ml epidermal growth factor (EGF), 10 IU/ml equine chorionic gonadotropin (eCG), and 10 IU/ml human chorionic gonadotropin (hCG) for 44 h at 398C in 5% CO 2 in humidified air. To obtain denuded oocytes for microinjection, COCs were mechanically removed by gentle pipetting in the presence of 1 mg/ml hyaluronidase for 2-3 min.
Mouse oocytes were obtained from 3-to 5-wk-old female C57BL/6 mice (Daehan BioLink). The mice were injected intraperitoneally with 5 IU of eCG, and GV oocytes were collected after 48 h. Mouse oocytes were placed in M2 medium supplemented with 200 lM of IBMX to prevent GVBD and maintained at 378C. For long-term incubation after microinjection, oocytes were cultured in M16 medium at 378C in 5% CO 2 atmosphere. All animal experiments were conducted in accordance with the protocol approved by the Institutional Animal Care and Use Committee of Sungkyunkwan University.
Cloning of cDNA Encoding GWL
Based on the predicted cDNA sequence for the pig GWL (pGWL) gene in the National Center for Biotechnology Information Database (NCBI), primers were designed to amplify the full-length coding sequence of pGWL from a porcine ovary. The amplified cDNA was cloned using a TOPO-TA cloning kit (Invitrogen) and completely sequenced. The full-length clone of the mouse Gwl (mGwl) gene was obtained from GV oocytes and subcloned into a pcDNA3.1/ V5-His-TOPO cloning vector (Invitrogen) and sequenced. The kinase-dead mutant of mGwl was generated as previously described [15] . Briefly, the aspartic acid 173 residue was replaced with an alanine residue (D173A) by using the QuickChange site-directed mutagenesis kit (Stratagene). The mutation was verified by DNA sequencing analysis. PCR primers are reported in Supplemental Table S1 (all supplemental data are available online at www. biolreprod.org).
Preparation of Double-Strand RNA and cRNA
The mGwl cRNAs used for microinjection were synthesized in vitro, using mMESSAGE mMACHINE kits (Ambion), polyadenylated, and then purified with a MEGAclear kit (Ambion). For double-strand RNAs (dsRNAs), cDNAs corresponding to pGWL and EGFP were amplified from the full-length clone of pGWL and the plasmid template pEGPF-N1, respectively, with gene-specific primers containing T7 promoter sequence (Supplemental Table S1 ). PCR products were used as templates for in vitro transcription using MEGAscript T7 kit (Ambion) according to the manufacturer's manual. After in vitro transcription, dsRNAs were treated with DNase I and RNase A to remove the DNA template and single-stranded RNAs. Purified dsRNA was dissolved in RNase-free water, and concentration was determined by measuring the optical density at 260 nm. Synthesis of dsRNA was confirmed using 1% agarose gel electrophoresis.
Microinjection
For mRNA microinjection (see Fig. 3 ), the concentration of cRNA was adjusted to 0.5 lg/ll. Microinjection was performed using an inverted microscope (Diaphot Eclipse TE300; Nikon UK, Ltd) equipped with a hydraulic three-dimensional micromanipulator (model MM0-202N; Narishige Inc). Approximately 5-10 pl of cRNA solution was microinjected into the cytoplasm of denuded GV oocytes. After 44 h of culture in the presence of 4 mM dibutyryl cyclic AMP (dbcAMP), oocytes were observed with fluorescence microscopy after 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. The control oocytes were microinjected with 5-10 pl of water.
For depleting pGWL at GV oocytes (see Fig. 2 ), 0.5 lg/ll dsRNA was microinjected into the cytoplasm of GV oocytes. After injection, the oocytes were cultured for 24 h in TCM-199 medium containing 4 mM dbcAMP. The oocytes were then transferred to fresh TCM-199 medium and cultured for 44 h. Developmental stages of oocytes were determined by DAPI staining. The control oocytes were microinjected with 5-10 pl of water.
For depleting pGWL in MII oocytes (see Fig. 4 ), dsRNA was microinjected into MII oocytes and cultured for 18 h in TCM-199 medium. Pronuclear formation was scored with DAPI staining.
All microinjection experiments were performed at least three separate times, and approximately 100 oocytes were injected in each group.
RNA Isolation, RT-PCR, and Quantitative PCR
Extraction of mRNAs from oocytes was performed with an mRNA purification kit (Dynabeads; Invitrogen) according to the manufacturer's instructions. The isolated mRNAs were reverse-transcribed into cDNA by using Superscript II reverse transcriptase (Invitrogen). PCR amplification was performed by one cycle of denaturation at 958C for 15 min, followed by 36 cycles of denaturation at 958C for 15 sec, annealing at 608C for 20 sec, an extension at 728C for 45 sec, and a final extension step at 728C for 10 min. PCR products were fractioned with a 2% agarose gel and stained with Red Safe.
Quantitative PCR (Q-PCR) was performed using mRNA isolated from porcine oocytes in the presence of SYBR Green (Finnzymes). The PCR protocol was 10 min at 948C, followed by 39 cycles of 948C for 30 sec, 608C for 30 sec and 728C for 25 sec, and a final extension step of 5 min at 728C. The GAPDH was used as an internal standard, and gene expression was analyzed using the DCT method.
Western Blotting and Immunostaining
Porcine oocytes were collected in PBS and frozen in SDS sample buffer. Western blotting was performed using monoclonal anti-microtubule associated serine/threonine kinase-like (MASTL; Sigma), V5 (Invitrogen), or actin (I-19; Santa Cruz Biotechnology) antibody.
For immunostaining, oocytes were fixed in 3.7% paraformaldehyde in PBS for 30 min at room temperature and permeabilized in 0.5% Triton X-100 in PBS for 1 h. Oocytes were incubated with primary antibody and then labeled with Alex Fluor 488 goat-anti-mouse immunoglobulin G (Molecular Probes). Anti-a-tubulin antibody (Sigma) and DAPI were used to stain spindles and DNA, respectively. Immunostaining was examined with a confocal laserscanning microscope (model LSM 710 Meta; Zeiss). At least 30 oocytes were examined for each group.
MPF Kinase Assay
Twenty oocytes were lysed in 5 ll of lysis buffer (50 mM Tris-HCl, pH 7.5, 120 mM NaCl, 5 mM EGTA, 0.01% Brij-35 (Santa Cruz Biotechnology), 1 mM PMSF, 0.05 mg/ml leupeptin, 50 mM b-mercaptoethanol, 25 mM bglycerophosphate, and 1 mM Na 3 VO 4 ) and stored at À808C until the assay was performed. The kinase reaction was initiated by addition of 45 ll of kinase buffer (25 mM Hepes buffer, pH 7. 
Statistical Analysis
Data are from at least three independent experiments. The general linear models (GLM) procedure in SAS software (SAS Institute Inc, NC) was used to analyze data from all experiments. Significant differences were determined using the Tukey multiple range test, and a P value of ,0.05 was considered significant.
RESULTS
Cloning of Porcine GWL
Because pGWL has not yet been cloned, we obtained fulllength cDNA encoding pGWL by RT-PCR using primers designed based on the predicted sequences (NCBI, XM_003130755). The cDNA has an open reading frame of 878 amino acids with two conserved kinase domains (Supplemental Fig. S1A ). The predicted pGWL protein shares 84% and 73% sequence identity with those of human and mouse, respectively. In addition, a genomic database query revealed that the pGWL gene consists of 12 exons and is located at chromosome 10, spanning a region of approximately 21 kb in length (Supplemental Fig. S1B ). All splice sites except one are in agreement with conventional exon-intron organization (Supplemental Fig. S2A ). In addition, phylogenetic analysis of multiple species showed that pGWL has a closer relationship with cow than with human or mouse (Supplemental Fig. S2B ).
Expression and Subcellular Localization of pGWL
We next examined the expression and subcellular localization of pGWL in porcine oocytes. The pGWL mRNA was expressed throughout meiotic maturation in porcine oocytes (Fig. 1A) . Interestingly, however, protein levels were dramatically decreased during progression of the meiotic cell cycle (Fig. 1B) , suggesting that pGWL is post-transcriptionally regulated during meiotic resumption in porcine oocytes. To investigate subcellular localization of pGWL during meiotic maturation, porcine oocytes at different stages of meiosis were cultured and processed for immunofluorescent staining. The pGWL protein was confined mainly to the nucleus during GV arrest. After GVBD, pGWL began to accumulate in the vicinity LI ET AL.
of condensed chromosomes and was enriched in the spindle during the MI and MII stages (Fig. 1C) .
Although GWL was first identified as a nuclear protein in Drosophila [14] , human GWL is localized in the cytoplasm as well as in the nucleus during interphase in somatic cells [11, 13] . Therefore, to clarify and confirm localization of pGWL in the nucleus, we further investigated the subcellular localization of pGWL at the early stage of embryonic development. Results of immunostaining showed that pGWL was expressed exclusively in the nucleus at the 2-and 4-cell stages of porcine embryos (Supplemental Fig. S3) . Surprisingly, however, pGWL was greatly reduced at the morula and blastocyst stages of porcine embryos (Supplemental Fig. S3 ). Considering that embryonic genome activation occurs at the 4-cell stage of pig embryos [25] , these results suggest that pGWL is maternally expressed but not expressed during early embryonic development.
Knockdown of pGWL During Meiotic Maturation
Because GWL has been identified as an inhibitor of PP2A [11] [12] [13] , we hypothesized that depletion of GWL in GV oocytes would disturb the timely activation of MPF and thereby prevent or delay meiotic resumption. To investigate this possibility, we used an RNAi approach in which long dsRNA that specifically targeted pGWL mRNA was microinjected into GV oocytes. Following microinjection, GV oocytes were arrested for 24 h using dbcAMP and then released into dbcAMP-free medium to allow resumption of meiosis. The efficient knockdown of pGWL was confirmed by RT-PCR and Western blotting ( Fig. 2A) . Interestingly, a portion of oocytes depleted of pGWL was arrested at the GV or GVBD stage, whereas most control and EGPF dsRNA-injected oocytes resumed meiosis normally and progressed to MII stage (Fig.  2B) . Consistent with this, MPF activity was unable to properly increase during meiotic resumption in oocytes depleted of pGWL (Fig. 2C) . Although some oocytes depleted of pGWL progressed to the MI or MII stage, spindles were defective in most knockdown oocytes (Fig. 2, D and E) . In addition, chromosomal condensation and congression were also disrupted when pGWL was depleted (Fig. 2E ). These results demonstrate that pGWL is required for meiotic maturation in porcine oocytes.
Overexpression of GWL During Meiotic Maturation
It has been shown that GWL accelerates mitotic progression in various cell types, including those of Xenopus, Drosophila, and human [11, [13] [14] [15] [16] [17] . Therefore, we researched whether overexpression of GWL would induce meiotic resumption in porcine oocytes. GV oocytes were microinjected with mGwl cRNA and cultured for 44 h in the presence of dbcAMP. For controls, we injected oocytes with catalytically inactive GWL or water. The expression of mGWL was confirmed by Western blotting (Fig. 3A) . Interestingly, 40.7% of GV oocytes overexpressing mGWL overcame meiotic arrest and progressed to MII stage, whereas 16.8% of oocytes injected with catalytically inactive mGwl mRNA and 10.5% of oocytes injected with water underwent GVBD and continued to MII stage (Fig. 3B) . Consistent with this, MPF activity was 
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significantly increased in oocytes overexpressing wild-type mGWL, but not in oocytes injected with cRNA encoding catalytically inactive mGWL or water (Fig. 3C) . Surprisingly, however, the spindle and chromosome defects detected in oocytes depleted of pGWL were also observed in oocytes overexpressing mGWL, implying that PP2A activity is required for proper progression of meiosis in porcine oocytes (Fig. 3D) . In order to better understand the role of GWL in meiotic maturation of mammalian oocytes, we overexpressed mGWL in mouse oocytes. Similarly, the ectopic expression of mGWL induced meiotic resumption when oocytes were kept in M2 medium containing 3.5 mM hypoxanthine (Supplemental Fig. S4A ). Furthermore, we found that overexpression of mGWL severely disturbed spindle formation and thereby prevented polar body extrusion in mouse oocytes (Supplemental Fig. S4, B and C) . Collectively, our data demonstrate that precise regulation of GWL activity is required for meiotic maturation in mammalian oocytes.
Function of pGWL During CSF Arrest
It has been reported in recent studies that GWL is required to maintain M phase and that its depletion from CSF extracts causes mitotic exit in Xenopus [12, 15, 26] . In order to determine the role of pGWL in maintaining MII arrest in porcine oocytes, MII oocytes were injected with pGWL dsRNA and cultured for 18 h. The efficient knockdown of pGWL was confirmed by Western blotting (Fig. 4A) . Strikingly, in 35% of oocytes depleted of pGWL, chromatin was decondensed, and a pronucleus-like structure was formed (Fig. 4, B and C) . Given that the pronuclear structure is indicative of cell cycle progression from metaphase to interphase, this result suggests that the oocytes in this experiment were released from MII arrest and entered interphase. The decrease of MPF activity in pGWL knockdown oocytes further supports the release from MII arrest (Fig. 4D) . In contrast, 95% of the control oocytes remained arrested in MII stages maintaining MPF in a highly   FIG. 2 . Knockdown of pGWL during meiotic maturation. A) GV oocytes injected with dsRNAs were cultured for 24 h in the presence of dbcAMP. Knockdown of pGWL was determined by RT-PCR (upper panel) and Western blotting (lower panel). B) Oocytes were further cultured for 44 h without dbcAMP after 24 h of knockdown. Developmental stages of oocytes depleted of pGWL were determined. C) MPF activity was measured at 0, 28, and 44 h after 24 h of knockdown. D) The percentage of oocytes with spindle defects was determined. E) Representative images of spindle defects in pGWL knockdown oocytes are shown. Spindle and DNA were stained with anti-a-tubulin antibody and DAPI, respectively. Original magnification 3400. a.u., arbitrary units. *P , 0.005.
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active state. Therefore, these results are the first to indicate that GWL is required to maintain MII arrest in mammalian oocytes.
GWL Substrates in Porcine Oocytes
Recently, two small related proteins, ENSA and ARPP19, have been identified as direct substrates of GWL [19, 20] . However, the biological roles of these proteins in PP2A inhibition are somewhat controversial. One study showed that PP2A inhibition is mediated by phosphorylated ENSA, whereas another study showed that the control of mitosis is exclusively associated with ARPP19 but not ENSA. Thus, we investigated which substrates are involved in meiotic maturation in porcine oocytes. Although both ENSA and ARPP19 were expressed in porcine oocytes, ENSA mRNA was significantly decreased during meiotic maturation (Fig. 5A) . Surprisingly, genomic database search revealed that porcine ENSA contains a premature stop codon within the open reading frame (Fig. 5B) , suggesting that ARPP19 acts as the sole pGWL substrate in porcine oocytes (Fig. 5C ).
DISCUSSION
It has been well established that meiotic maturation in many species is initiated by the activation of MPF [3, 4] . Active MPF then phosphorylates many targets involved in GVBD, chromosome condensation, and spindle assembly. However, it is now evident that the specific phosphatases that remove MPF-mediated phosphorylation are also required during this process [6] [7] [8] [9] . Recently, GWL has been identified as a major inhibitor of at least one major phosphatase that counteracts MPF activity [11] [12] [13] , suggesting that GWL is involved in meiotic maturation. Indeed, it has been shown that depletion of GWL in Xenopus or Drosophila oocytes inhibits or delays meiotic maturation [14, 15] . To our knowledge, however, no function of GWL had been described in mammalian oocytes. In this study, we investigated the role of GWL during meiotic maturation in porcine oocytes and found that pGWL is an essential meiotic cell cycle regulator in mammalian oocytes.
It is well known that okadaic acid (OA) induces meiotic resumption in mammalian oocytes [27] . Because PP2A activity is inhibited by a low concentration of OA, whereas PP1 required 100-fold higher concentrations of OA for inhibition [28] , the OA-mediated meiotic resumption seems to be associated with inhibition of PP2A activity rather than with PP1 activity. In this regard, it was hypothesized that overexpression of GWL might induce meiotic resumption. Indeed, porcine oocytes overexpressing mGWL were able to overcome GV arrest. Similarly, overexpression of mGWL in mouse oocytes induced GVBD, suggesting that GWL-mediated GVBD is a universal mechanism in mammalian oocytes. Because PP1 is also present in the oocytes and inhibited by OA [29] , we could not exclude the possibility that PP1 is involved in meiotic resumption in mouse oocytes. Indeed, it has been reported that oocytes lacking CDK1 become permanently arrested at the GV stage, due mainly to an inability to specifically phosphorylate and suppress PP1 instead of PP2A [30] . If PP1 is the major phosphatase counteracting MPF activity in the oocytes, it is of interest to study how GWL induces GVBD. Given that PP2A negatively regulates CDC25 [31] , it is likely that GWL-mediated PP2A inhibition allows activation of CDC25, which in turn activates MPF by removing the inhibitory phosphorylation of CDK1.
The molecular mechanism that controls meiotic resumption is also applicable to maintenance of MII arrest. When GWL is oocytes. B) Developmental stages were determined by DAPI staining. C) A representative image of the oocytes is shown. Spindle and DNA were stained with anti-a-tubulin antibody and DAPI, respectively. Note that chromatin was decondensed and formed pronucleus-like structure in oocytes depleted of pGWL, whereas chromatin remained condensed with bipolar spindles in oocytes injected with dsEGFP cRNA. Original magnification 3400. D) MPF activity was measured after 18 h of knockdown. *P , 0.005.
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downregulated, premature activation of PP2A causes dephosphorylation of CDK1 substrates, leading to a release from MII arrest. It is also possible that PP2A inactivates CDC25 and, hence, disrupts the positive feedback loop that maintains MPF activity during MII arrest. Consistent with this, it has been recently shown that CDC25 activity is required to maintain MII arrest in mouse oocytes, andddd the depletion of CDC25 induced pronuclear formation by the accumulation of inhibitory phosphorylation on CDK1 instead of via cyclin B degradation [32] . In this regard, it is worthwhile to determine whether GWL-driven pronuclear formation accompanies cyclin B degradation.
PP2A is known to associate with microtubules of mitotic spindles and to regulate cell cycle-dependent microtubule functions [33] . PP2A also appears to be involved with meiotic maturation. Continuous inhibition of PP1 and/or PP2A stimulates GVBD, yet oocytes fail to progress to MII due to meiotic spindle abnormalities [27] . Accordingly, our data demonstrated that oocytes overexpressing GWL arrested at MI stage with spindle defects. Moreover, depletion of GWL caused the similar defects in spindle formation, suggesting that precise control of PP2A activity during meiotic maturation is necessary for proper spindle assembly.
In conclusion, our results suggest that GWL might be a universal cell cycle regulator that governs the initiation and maintenance of meiosis as well as mitosis. Further studies performed with knockout mice lacking functional GWL could greatly broaden our understanding of the role of GWL during maturation of mammalian oocytes and development of embryos.
